Divergence of visual channels in the inner retina by Asari, Hiroki & Meister, Markus
Asari and Meister 1
Divergence of visual channels in the inner retina
Hiroki Asari and Markus Meister
Supplementary Information
Supplementary Figure Legends
Supplementary Figure 1: Ganglion cells with distinct visual response characteristics receive
inputs from the same bipolar cell.
(a) The spatio-temporal receptive field (STRF) of a bipolar cell (BC; red hue, On-polarity; blue hue, Off-
polarity). For simplicity, the STRF is shown only for one spatial dimension at the receptive field center. The
contour of the full spatial receptive field is shown in Fig. 1c (green). The spatial (right, dark green) and
temporal (top, light green) profiles of this STRF are shown for cuts at the locations indicated by arrows in
the corresponding colors.
(b–e) Responses of four ganglion cells (GCs; “G” in the circuit diagram) simultaneously recorded during
current injection (500 pA; Fig. 1d) into a single bipolar cell (“B”; from a). Raster graph (top right) and
peri-stimulus time histogram (PSTH; bottom right) displayed as in Fig. 2. While a distant GC (b) did not
show any changes in its firing rate upon BC stimulation, GCs in the vicinity (c–e) increased their spiking
activity upon BC depolarization. These three GCs also appear in Fig. 1 with corresponding colors. Two
of them were direction selective (DS) but with opposite preferred directions (d, upward; e, downward),
whereas the third was non-DS (c; see their STRFs on the left, displayed as in a). This shows that GCs with
very different feature selectivity can derive input from the same BC.
Note that the mean potential change in BCs from the 500 pA current injection (384 mV; mean 
standard error from 86 BCs with resting potential of  381 mV) was larger than the maximal light-evoked
responses of the BCs (101 mV; the range of membrane potential fluctuations in response to full-field
contrast-inverting stimulus at 1 Hz, averaged across 30-50 trials). However, the effective connection strength
(see Eq.(1) in Methods) increased linearly with injected current amplitudes (from 100 pA to 500 pA in steps
of 100 pA with a slope of 0.28 nA 1; R2 = 0:94 from 7 GCs in 1 experiment with pharmacological block
of inhibition), indicating that BC signals are not saturated within this range of the stimulation. We thus used
500 pA in this study to maximize the number of GCs for which spiking responses could be evaluated.
We also performed four sets of control experiments to eliminate alternative explanations of the results.
First, to test for nonspecific ephaptic stimulation of GCs, we injected current into the extracellular space of
the inner nuclear layer and found that the 500 pA stimulation did not drive any GC (203 GCs in total from 5
retinas, tested at 3 electrode locations each with 30 trials). This eliminates the possibility of nonspecific GC
activation by the current injection.
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Second, because many of the observations rely on comparisons under two sequential conditions, we
examined the stationarity of the measurements over time. Using the identical current injection protocol
we stimulated the same BC twice, separated by 25 minutes, comparable to the measurement intervals
before and after drug applications. For each BC-GC pair we analyzed changes in the connection parameters
across the two measurements (26 GCs total from stimulation of 5 BCs). The evoked spike counts were
not significantly different except for one GC, and there was no significant change in any of the other
transmission characteristics (mean difference between the two measurements  standard error across the
population): peak evoked rate,  0:80:5 spikes s 1 (p>0:3, sign-test; 26 GCs); peak latency, 0:00:1 s
(p>0:5, sign-test; 26 GCs); peak rate change over successive 6-s trials,  0:130:05 spikes s 1 per trial
(p>0:2, sign-test; p>0:6, 2-test; 13 GCs); peak latency change, 1:41:7 ms per trial (p>0:5, sign-test;
p>0:18, 2-test; 13 GCs); rectification index, 0:100:12 (p>0:3, sign-test; p>0:3, 2-test; 10 GCs); effects
of background stimulation on effective connection strength, 0:040:15 (p>0:8, sign-test; p>0:4, 2-test;
16 GCs in response to 3 BCs). Thus the recordings were sufficiently stable over time to allow reliable
comparison between sequential conditions.
Third, to test for deleterious effects of excessive current injection, we tested BC-GC transmission at
half the size of the injected current in 6 experiments (5 control conditions; 1 with inhibition block). The
weaker BC stimulation drove fewer GCs with smaller responses (35 GCs responded at 250 pA stimulation,
compared to 67 GCs at 500 pA), but the transmission properties were not strongly dependent on the injected
current amplitude. Specifically, the mean values standard deviation are listed as follows for the 250 and
500 pA stimulation, respectively: peak evoked rate, 6:15:4 and 13:011:9 spikes s 1 (p<0:001, sign-
test; 35 GCs); peak latency, 0:280:10 and 0:240:08 s (p>0:2, sign-test; 35 GCs); peak rate change
over trials,  0:110:26 and  0:280:22 spikes s 1 per trial (p>0:1, sign-test; 22 GCs); peak latency
change over trials, 6:812:7 and 5:210:3 ms per trial (p>0:5, sign-test; 22 GCs); rectification index,
0:420:28 and 0:480:56 (p>0:5, sign-test; p>0:5, 2-test; 11 GCs); effects of background stimulation
on effective connection strength,  0:110:54 and  0:090:49 (p>0:6, sign-test; p>0:5, 2-test; 15 GCs
in response to 2 BCs). Therefore, the standard current stimulus of 500 pA does not appear to distort the
measured synaptic transmission properties, even though it exceeds the magnitude of visually evoked synaptic
currents (100 pA; Wu et al., 2000, J Neurosci 20, 4462–4470). Note also that the depolarization evoked
by this current (384 mV; see above) is well within the physiological range of the membrane potential, and
stable recordings from BCs have been reported with much larger currents (Thoreson & Burkhardt, 2003, Vis
Neurosci 20, 19–28).
Finally, we examined possible contributions of lateral signal spread within the BC network. We
attempted to block the electrical synapses between BCs with a gap junction blocker (100 M meclofenamic
acid; Zhang & Wu, 2009, J Neurosci 29, 789–797; Arai et al., 2010, J Neurosci 30, 9260–9270). After the
drug application, only 19 out of 75 GCs remained responsive to the intracellularly stimulated BCs (6 BCs in
total). Importantly, though, their response characteristics did not change significantly except for the effective
connective strength. Specifically, blocking electrical synapses decreased the peak evoked rate from 7:45:5
to 3:11:7 spikes s 1 (mean  standard deviation; p<0:005; sign-test; 19 GCs), but did not affect the peak
latency (0:270:08 s, control; 0:310:11, drug; p>0:06, sign-test; p>0:16, Levene’s test for the equality of
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variance; 19 GCs) or the adaptation properties over successive trials (p>0:11 for the peak latency change;
p>0:06 for the peak rate change; 2-test on 12 GCs). We also found one example each of rectifying and
nonrectifying connections to the same BC in the absence of electrical coupling (rectification index: 0.63
and 0.04, respectively). Electrical synapses thus contribute to the lateral spread of signal from a BC, but the
dynamics and nonlinearity of the connection appear to be dominated by the chemical BC-GC synapse. We
further reduced the effect of electrical coupling on the data set by restricting analysis to BC-GC connections
at 0.35 mm distance, within direct reach of the processes from the two neurons.
Supplementary Figure 2: Circuits of opposite polarity diverge from single bipolar cells.
(a) Two ganglion cells are driven by current injection into a single bipolar cell (OFF-type). One ganglion
cell (OFF-type) fired on depolarization of the bipolar cell (left, PSTH in blue), but the other ganglion cell
(ON-type) fired on hyperpolarization of the same bipolar cell (right, PSTH in red).
(b) Response of a single ganglion cell to stimulation of two different bipolar cells in serial recordings. The
ganglion cell (OFF-type) fired on depolarization of one bipolar cell (left, OFF-type) but on hyperpolarization
of the other bipolar cell (right, ON-type). This reflects a “push-pull” circuit in the inner retina in which the
ON and OFF pathways exert opposite influences on the same GC.
(c) The effect of inhibitory signals from amacrine cells on transmission between one bipolar cell and two
ganglion cells. Left: One ganglion cell was excited by the bipolar cell depolarization but only after amacrine
cell signals were blocked pharmacologically by 100 M picrotoxin (PTX) and 1.0 M strychnine (STR).
The inhibition may be presynaptic or postsynaptic or both. Right: The other ganglion cell was excited by the
bipolar cell hyperpolarization, but this connection disappeared when inhibitory synaptic transmission was
blocked. Because washout of these drugs from a whole-mount preparation is exceedingly slow, we could
not achieve full reversal of the drug effects within the available time of 30-60 minutes for the intracellular
recordings. Thus we only compared measurements before and after drug application, with no analysis of the
washout.
Supplementary Figure 3: Baseline release rate can control the rectification and rebound
responses.
Simulation on neurotransmitter release dynamics at bipolar cell synaptic terminals in response to depolar-
izing and hyperpolarizing current injection (top trace in a; see Methods for details). If the terminal has no
baseline release rate (a), its output is rectified because the release rate cannot decline on hyperpolarization.
If the terminal does release neurotransmitter at baseline (b,c), the synapse can transmit both depolarizing
and hyperpolarizing signals. Interestingly, rebound responses at the offset of hyperpolarization emerge only
at a high baseline release rate (c) due to an increased recovery of the vesicle pool during hyperpolarization.
Consistent with this prediction, we found rebound responses more frequently for non-rectifying transmission
(12 out of 40 pairs of bipolar and ganglion cells; e.g., Fig. 7, black PSTHs) than for rectifying transmission
(5 out of 84 pairs; e.g., Fig. 7, red PSTHs).
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Supplementary Figure 4: Individual bipolar cell terminals are gated presynaptically.
(a) Somatic membrane potential fluctuations of two bipolar cells in response to center and background
grating stimuli whose contrast was inverted in or out of phase at 0.5 Hz (top traces; see also top circuit
diagram). As in these two examples, most bipolar cells became hyperpolarized at the soma when the
background grating alone inverted its contrast (arrowheads, 28 out of 39 cells; see also Fig. 8b, left),
indicating the presence of inhibitory inputs from polyaxonal wide-field amacrine cells to bipolar cells
(Baccus et al., 2008, J Neurosci 28, 6807–6817).
(b) Response of a ganglion cell to stimulation of two different bipolar cells (from a), with (bottom) and
without (top) visual stimulation in the distant background. Moving background stimuli fully suppressed the
ganglion cell responses to depolarization of one bipolar cell (left), but not to the other bipolar cell (right)
even though the bipolar cell itself was hyperpolarized by the background stimulation (a, right, arrowheads).
Presumably this presynaptic hyperpolarization is caused by amacrine cell inputs to different terminals of the
same bipolar cell, whereas the terminals contributing to the ganglion cell inspected here are spared (see the
right side of the circuit diagram).
Supplementary Figure 5: Amacrine cells mediate the effects of background visual stimulation
on bipolar cell signal transmission.
Responses of a ganglion cell to bipolar cell stimulation with (bottom) and without (top) background motion
stimuli, before (left) and after (right) blocking inhibitory synaptic transmission by 100 M picrotoxin (PTX)
and 1.0 M strychnine (STR). Under the control condition, the background stimulation suppressed the
ganglion cell responses to bipolar cell depolarization (left) but not after the drug application (right).
Supplementary Figure 6: Connections between bipolar and ganglion cells form diverse
components in the circuit of the retina.
Schematic diagram illustrating a circuit model of the inner retina suggested by the present study. Distinct
visual channels arise at individual connections between bipolar and ganglion cells because each has different
transmission properties, such as rectifying (blue) or nonrectifying (cyan), and forms a distinct microcircuit
with specific amacrine cells at different locations, such as tonic presynaptic inhibition (orange) or feedback
inhibition (green). Each of these components shapes the signal in its own way. Ganglion cells then pool over
their outputs for further processing of visual information.
Supplementary Figure 7: Circuit diagram of simulated synaptic transmission from bipolar
to ganglion cells.
The model simulates how a step change in the input current (I) to a bipolar cell (green rectangle; Vm,
membrane potential; x, vesicle pool; u, release rate) is transduced into an evoked firing rate (r) of a
ganglion cell (blue rectangle; , spike threshold). See Methods for details (v, released vesicle; k, f, and
d, free parameters). Specifically we analyzed how the dynamics are affected by the following four types
of inhibitory inputs from amacrine cells (black rectangles); tonic presynaptic inhibition (pre>0), tonic
postsynaptic inhibition (post>0), feedback presynaptic inhibition (Bpre with free parameter pre>0), and
feedforward postsynaptic inhibition (Bpost with free parameter post>0). See also the diagram in Fig. 4.
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Supplementary Figure 1: Ganglion cells with distinct visual response characteristics receive inputs from
the same bipolar cell.
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Supplementary Figure 2: Circuits of opposite polarity diverge from single bipolar cells.
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Supplementary Figure 3: Baseline release rate can control the rectification and rebound responses.
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Supplementary Figure 5: Amacrine cells mediate the effects of background visual stimulation on bipolar
cell signal transmission.
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circuit of the retina.
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Supplementary Figure 7: Circuit diagram of simulated synaptic transmission from bipolar to ganglion
cells.
Nature Neuroscience: doi:10.1038/nn.3241
